Context. During the first hundred million years after the formation of our solar system, the four giant planets are believed to have migrated significantly (by up ≈20 AU). The current scenario and dynamics of the satellites of these planets must be the result of both the initial conditions of their formation and this early extensive migrational episode. Aims. We examine the effects of the migration on the primordial satellites of Uranus. Methods. We use the Nice model to generate templates for the evolution of the four giant planets and record the time history of these planets and important close encounters. The satellites are then added to Uranus and these objects are integrated according to the dynamics stored in the templates. Results. We show that Oberon is the outermost regular satellite of Uranus that is able to resist the close encounters during the extensive migrational episode. Some theories predict that Uranus' satellites can form out to a 57 R U distance from the planet, but we show that even those at ≈27 R U from the planet cannot support the instabilities that appeared during migration. Close objects, such as the current regular satellites of Uranus, can survive quite stably and we are able to place some constraints on the masses of the planetesimals that have close encounters. For instance, if an object with mass ≥10 −9 M approaches at distances < ∼ 23 R U from Uranus, the regular satellites can be destabilized or their eccentricities or inclinations excited to some non-compatibles values. We also find that planet-planetesimal close encounters can generate capture. In this way, we present a promising means of explaining the origin of the irregular satellites of Uranus. The importance of the oblateness of the planet, and the Sun for just-captured planetesimals is also shown.
Introduction
It is widely believed that the original distances of the giant planets (with respect to the Sun) as soon as the circumsolar gaseous nebula had dissipated, experienced significant changes due to the phenomenon of migration (Fernandez & Ip 1996; Malhotra 1993; Hahn & Malhotra 1999; Tsiganis et al. 2005, etc.) . Very roughly speaking, in the migrational process, the interaction between the protoplanets and the planetesimals during the early stage of the solar system, caused significant displacements in the primordial configuration of these planets. Some different migrational scenarios have been presented, although it seems that, the Nice model is the most accepted and capable to reproducing our current solar system. The original Nice model ) was subsequently revised (Morbidelli et al. 2007; Brasser et al. 2009 ), although its basic principles remain preserved. For more details, we refer to a review in Morbidelli et al. (2010) .
Once a migrational framework is established, it is perhaps more important than studying migration itself, to devote our attention to the dynamics of the other bodies that suffered the Appendix B is available in electronic form at http://www.aanda.org direct consequences of the displacement of the giant planets. Following Fernandez & Ip (1996) , many papers about, for instance, Trojans, asteroids, Plutinos, and KBOs, have appeared. However, as mentioned in Nesvorný et al. (2007) , in our race to understand, at least part of the evolutionary history of our system, the population of the satellites occupies a position of major interest. According to these authors, the study of the satellites can provide information that cannot be obtained from any other source. Since it is believed that distant satellites (in contrast to those called regular) are captured objects, these authors give in the introduction of their paper, an interesting and precise discussion of the several theories on the capture of the distant satellites. The basic ideas of each theory are highlighted and possible drawbacks are discussed. In the main body of their article, they present their new theory of capture based on planetary close encounters that happen in the Nice migrational model. While most investigations have been devoted to distant satellites, we also include in our study the possible effects of migration on certain primordial satellites that formed close to the planet. We also consider whether possible satellites beyond Oberon, Callisto, or Hyperion could withstand the close encounters that occurred during migration or if no object existed at these distances. It is A&A 536, A57 (2011) usually accepted that inner (or regular) satellites were immune to migrational phenomena, but as far we are aware, no direct investigation of this problem has yet been presented. We clearly need to determine the distance from the mother planet at which a regular satellite can resist the migrational phenomenon. In this first paper, we try to focus our attention on Uranus' satellites. This work is organized in the following way. In Sect. 2, we adopt the definition of critical distance a c by Goldreich (1966) to classify regular and irregular satellites. In Sect. 3, we present some migrational models. Section 4 illustrates the extreme sensitivity of these models to an object that is inserted into the integration of the planets. In Sect. 4, to avoid this sensitivity problem, we propose our interpolator technique. Section 5 shows the results of the numerical simulations considering Uranus and its satellites. Oberon resists the close encounters, while other fictitious satellites beyond it are destabilized. As a by-product of several close encounters, some planetesimals can be captured by Uranus and these objects are candidates of irregular satellites as seen today. Section 6 presents some of these captures. Section 7 is devoted to conclusions. In Appendix A, we show the importance of the oblateness and the effect of the Sun on the dynamics of the satellites. We also included some supplementary tables and figures in Appendix B.
Regular and irregular satellites
Various studies of planetary migration (Fernández & Ip 1996; Hahn & Malhotra 1999; Tsiganis et al. 2005, etc.) have triggered many investigations of planetary satellites, in particular those more distant from the planet ("irregular"), because according to some authors, those close to the planets ("regular") are almost unaffected by migrational phenomenon.
A detailed study of this insensitivity certainly requires a nonnegligible cpu-time because the orbital period of these satellites are much shorter than the period of those so-called "irregular" satellites (Callegari & Yokoyama 2008) . Moreover, this kind of insensitivity must consider not only the current "regular" satellites, but also the stability of others beyond the outermost current satellite according to what we understand by a "regular" satellite. It is clearly expected that the closer the satellite, the tighter the link to the planet. Tsiganis et al. (2005) , Nesvorný et al. (2007) , and others, found that the regular satellites undergo only minor perturbations during the planetary close encounters. The name "regular" satellite, in general, is given to those very close to the planet of small eccentricity and inclination. Those far from the planet, usually with significant eccentricity and inclination, are called irregular. With some exceptions (Triton and possibly Nereid, Phoebe, or Iapetus), this classification expresses the different origins of each group: the former are supposed to be primordial, more precisely, neglecting tidal effects, they were formed "in situ" while the second group originated from captured objects.
Instead of this qualitative definition, an alternative and perhaps more accurate classification can be made following Goldreich (1966) and Burns (1986) . We first consider the socalled critical semi-major distance
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where J 2 , M p , a p , and e p are the oblateness coefficient, mass, semi-major axis, and eccentricity of the planet, and M refers to the mass of the Sun. At this distance, the torque on the orbit of the satellite caused by the oblateness is equal to the torque produced by the Sun. A simple calculation shows that for objects with semi-major axis a < a c the inclination remains almost constant with respect to the equator, while for a > a c the object maintains a constant inclination with respect to the orbital plane of the planet, not to the equator. For distances close to a c and depending on the obliquity of the planet, the eccentricity and the motion of the satellite, in general, can become very irregular (Yokoyama 2002) .
It is well accepted that the close satellites were formed from circumplanetary material in a disk about the planet. In particular, the only plane where a disk of particles can remain without dispersing, is the equatorial plane (Goldreich 1966) . On the other hand, this disk must be confined to a region within a c . Therefore, again following Goldreich (1989) , equatorial satellites with semi-major axes smaller than a c reflect a condition of origin, not evolution.
On the basis of these arguments, it is little wonder that almost all the known satellites called "regular", are within a c . Almost all of them are prograde of very small eccentricity and inclination. The exception is Triton.
In Table 1 , we list the critical semi-major axis of the giant planets. The first column gives a c for the current configuration and the values of the current semi-major axis of the planets are given on the right within parentheses. The second column is similar but the values within the parentheses are the semi-major axes of the planets inferred by Tsiganis et al. (2005) . In the last column, we give the outermost known satellite within a c . Its distance (in R p ) from the planet is also given within brackets.
It is interestint to note that all the satellites whose semi-major axes are larger than a c given in Table 1 , have either a large eccentricity or significant inclination relative to those with a < a c . Hence, for the sake of clarity in the nomenclature in this work, we refer to as "regular" those satellites whose semi-major axes are within a c , and otherwise we refer to a satellite as "irregular".
For Uranus, we can see an interesting gap: in spite of a very large a c , the outermost satellite Oberon is only 22.8 R U away from Uranus. No satellite currently exists in the large interval [22.8 R U , a c ]. Compared to Jupiter and Saturn, this difference seems to be quite large.
At first sight, it seems that there is a lack of satellites at larger radii than Oberon. The absence of these satellites indicates that they were either depleted during the close encounters during migration or never existed. For Neptune, this lack of satellites seems to be even more crucial, although the situation seems to be different and more complicated owing to the possible capture of Triton in the past and that the unusual orbit of Nereid should be taken into account conplicating the whole dynamics considerably (Goldreich et al. 1966; Cúk & Gladman 2005; Agnor & Hamilton 2006) .
In the same way, we note the large distance that the current irregular satellites keep from the critical semi-major axis a c of the correspondent planet. For instance, in the case of Jupiter, the nearest irregular satellite is about 80 R J away from Callisto (Jewitt & Haghighipour 2007) . Perhaps this large distance is associated with collisions (Bottke et al. 2010 ) between the outermost regular satellite (Callisto in the case of Jupiter) with highly eccentric and irregular captured satellites. Usually the masses of irregular satellites (captured objects) are much lower than the masses of the outermost regular satellites. In this situation, a collision causes either the destruction or ejection of those of low mass.
The question of why Oberon, Hyperion, and Callisto are the outermost regular satellites observed today, may certainly have the answer that their orbtis are the product of many complex events in the past. These events are related to the satellite formation process (Mosqueira & Estrada 2003; Canup & Ward 2000 , planetary migration (including collisions), and dynamical instability. In particular for Uranus, we propose that the results on migrational theory of Tsiganis et al. (2005) can provide interesting results in this direction. This study also permits us to test the Nice model, since the overall network of the satellites (not only the irregular ones) should have been influenced by the planetary migration.
Migrational models
Here we consider the Nice model, or more precisely Gomes' code . Morbidelli et al. (2007) presented a second version of the Nice model (Nice-II). Although in the original model (Nice-I), the initial conditions of the four giant planets are rather arbitrary, in Nice-II the initial conditions of the giant planets are defined as a result of an hydrodynamical simulation related to the evolution of the planets in a gaseous proto-planetary disk. In this way, the planets begin their migration in a compact quadruple resonant configuration, that is, Jupiter and Saturn are in 3S:2J mean motion resonance, Uranus and Saturn in 3U:2S, and Uranus and Neptune in 4N:3U. The main source of the instability during the migration is the crossing of the Jupiter-Saturn 5S:3J resonance, although later the crossing of the 2S:1J resonance also occurs, which is much faster than in the Nice-I version.
In the Nice-I model, if migration of the giant planets occurred after the completion of the inner planets, it is clear that the terrestrial planets suffered a violent bombardment (LHB phenomenon). While the current configuration of the giant planets is well reproduced by this model, it is also important to check how the inner planets supported the effects of migration and to explore establish whether the current configuration of the terrestrial planets is compatible with the migration theory.
To explain the current architecture of the inner planets in the context of the migration theory, Brasser et al. (2009) switched from the Nice-I to the Nice-II model, since a slow passage through 2:1 Jupiter-Saturn resonance that occurs in Nice-I, could give birth to some undesirable secular resonances causing incompatible eccentricities in the terrestrial planets. As mentioned in Brasser et al. (2009) , the two models differ only in some technical details, although the bulk of the dynamics (global instability caused by the passage of Jupiter-Saturn pair through a meanmotion resonance and a later stabilization owing to the dynamical friction) remain the same.
Although the original Nice-I model might not be adequate to reconcile the current status of the terrestrial planets and the LHB history (provoked by this migration theory), it has been tested in several scenarios, reproducing many observational aspects of our solar system Nesvorný et al. 2007; Gomes et al. 2005) . Therefore, we consider only Nice-I in this work, for which the important ingredient is the strong bombardment of the planetesimals on the planets related to some violent close encounters between the planets. As mentioned in Morbidelli et al. (2009a) , the migration of the planets cannot be smooth. For instance, if smooth migration is accepted, in the case of Uranus we can show the appearance of some captures in resonances for the regular satellites. These resonances would be responsible for some non-realistic increase in the inclinations of the satellites, especially for Umbriel (Yokoyama, in prep.) .
After several experiments considering different initial positions of the planets and sufficient time integration (10 9 , 6 × 10 8 years), we selected five cases that we call M1, M2, M3, M4, and M5. The time evolution of the planets is shown in Fig. 1 . We show only the first 5 or 10 Myr, i.e., a short interval around the region where the 2S:1J resonance occurs and some planetary close encounters as well. At the end of this short time interval, the eccentricity and inclination of the planets are still larger than the current values. However, in general, once the planets acquire these kinds of configuration, no more planetary close approaches will occur and the semi-major axes will usually remain almost constant, as the eccentricity and inclination are damped very slowly to their current values by the dynamical friction. This usually takes about 100 Myr.
Following Gomes et al. (2005) , the total mass of the planetesimal disk is 35 M ⊕ (where M ⊕ refers to Earth's mass). In the beginning, this disk is represented by only a few hundred objects (500), such that the mass of each particle is about ≈2.1 × 10 −7 M . During the time evolution, whenever this particle approaches within a distance of D P of some planet (D P ≈ 3 AU), the planetesimal is substituted by 20 new particles, which are randomly distributed within a circle of radius ≈0.01 AU centered on the original planetesimal. In this process, the mass of the parent planetesimal is equally partitioned among the new particles (≈1.05 × 10 −8 M ). Every 10 000 years, the code verifies the planet-planetesimal distance and for all close approaches ≤D P , the above technique is applied, although planetesimals that originated from a previous partition are not allowed to be cloned again. The main idea of this process is just to define the optimal number of particles with suitable values of individual mass, such that the cpu-time of the integration is acceptable while migration as a whole, is sufficiently smooth without exhibiting too strong noise in the variation of the elements. After these partitions, we usually worked with a total of N pmax ≤ 10 000 particles. This is the effective planetesimal disk that governs the scenario of the migration. The five successful models, previously mentioned, were obtained considering this disk of planetesimals.
Methodology
We propose to study the stability of the regular satellites and fictitious objects near the outermost inner satellite of Uranus considering the effects of migration theory based on Nice-I model. To do that, we basically define two steps. In the first, we collect a number of successful migrations scenarios (five simulations) and during the integration of the four planets we record at each seven years, the position and velocity of the planets. To test the effect of migration on the primordial satellites, we have of course, to consider only successful simulations. A naive way of studying the dynamics of the planetary satellites is to re-run a successful migration model, but now including the satellites of the mother planets. In doing this, we note that the results are very sensitive to very small changes in the numerical integration of the system. The inclusion of a small satellite (even with almost zero mass) in the integrations, may cause large enough changes that the previous successful configuration of the outer planets cannot be reproduced anymore. As the system is strongly chaotic during the passage through the 2S :1J resonance, Uranus and Neptune may follow different paths and a small perturbation can generate important consequences, including the escape of either Neptune or Uranus. For instance, taking one simulation among the preceding simulations, keeping the same initial conditions, same machine and just adding some more satellites, the final result of the integration can completely change as shown in Fig. 2 . The top panel of this figure exhibits the evolution of the planets when three satellites of Uranus, at distances 25 R U , 40 R U , and 55 R U are included in migrational model. In the bottom panel of Fig. 2 , we included two satellites at 30 R U and 60 R U . We note that the behavior of the ice-planets is quite different. In particular, for the top panel, as Uranus has some close encounters with Jupiter, the three satellites are ejected in about 6 × 10 5 years. In general, there is no guarantee that the final solar system will be recovered whenever an extra object, such as a regular satellite, is included in the system. In some cases, we can have the escape of Neptune or Uranus. In both cases, the Burlirsh-Stoer (BS2) integrator of the Mercury package was used (Chambers 1999) .
Therefore, owing to this high sensitivity, the inclusion of target objects in a previous successful migration is not viable. In addition to this problem, the simulation of a migrational model can be very time-consuming, especially when close satellites are included.
To overcome these problems, we consider migrational models whose final outcomes reproduced our current solar system. Our technique is to use these models as fixed templates and insert the target satellites to be studied under the action of the migrating planets and also under the effect of some "selected" planetesimals. The meaning of "selected" will be explained later. The method of avoiding the high sensitivity was presented in Yokoyama et al. (2009) and also in Brasser et al. (2009) .
To derive the template for each successful migration, the heliocentric orbital elements (a, e, I, Ω, ω) of the four giant planets are recorded to build a discrete database of the complete time evolution of the planets. We usually record these elements every seven years. With this database for every three points, an interpolating quadratic polynomial in time can be defined to represent the semi-major axis, eccentricity, inclination, longitude of the node, and argument of the pericenter for each planet. Every 14 years, except for the mean anomaly, a new polynomial is constructed for each orbital element of the planets. We note that once the semi-major axis is fitted using a polynomial, the corresponding mean anomaly can be triavilly found from the twobody problem approximation. With this technique the motion of the migrating planets is given for any time and test satellites can be inserted in this system with the guarantee that the planets will reproduce the previous successful path. Once the template is obtained, any set of new satellites can be inserted and we can run the same code because only the satellites are integrated, that is, the orbits of the planets are supplied by the polynomials of the template.
During the planetary migration, several close encounters between planets and planetesimals occur. Our code checks this planet-planetesimal distance every 14 years. We define as t = t * the instant when a close approach between Uranus and a planetesimal occurs, such that the separation distance is ≤0.8 AU (Beaugé et al. 2002; Nesvorný et al. 2007; Nogueira 2008) . Starting from t = t * , the planet-planetesimal system is integrated backward until t = t * * , when the separation distance becomes greater than 1.0 AU. This is a simple two-body problem integration whose origin is fixed on the equator of the planet. In this case, the integrator is switched to Radau with a very short time-step (of the order of one day). From t = t * * , a forward integration is then carried out and if the planetesimal approaches within 100 R U of the planet (at t = t * * * ) we record its planetocentric position and velocity. These are the "selected" planetesimals we mentioned before and are processed later (in a second step), considering a more complete environment that includes the Sun, oblateness, the remaining planets, and the regular satellites. As the time step is very short, usually at t = t * * * the distance between "selected" planetesimal and Uranus is very close to 100 R U . We later consider other distances (200 R U and 300 R U ).
In the Nice model, we recall that we considered a disk with 35 M ⊕ represented by at most ten thousand particles. This means that the individual mass is about 1.05 × 10 −8 M . A very large number of planetesimals means lower individual masses for them and of course, a smooth migrational process, although a much longer cpu-time is needed to simulate the migration.
While the disk that we use is reasonable for simulating successfully the migration of the planets, it is clear that for the dynamics of the satellites, the masses of these planetesimals are too large relative to the masses of Miranda, Umbriel and other groups (see Sect. 5). If the mass of the planetesimals were on the order of 1.05 × 10 −8 M , it would be difficult to explain the current mass distribution of bodies in the Kuiper belt and also the current irregular satellites. In addition, the survival of the regular satellites in their current orbits would be very unlikely. One could say that eventually, some so large planetesimal might have existed in the disk, although the majority of them could not have had high masses. In the next subsection, we discuss the question of the masses.
Close encounters and mass of the planetesimals
The dynamics of the satellites during migration involves the interaction of the host planet with the remaining planets as well as the effects of the "selected" planetesimals on these satellites. As mentioned before, with the interpolating technique, the computation of the effects of the planets becomes easy, although the effects of the planetesimals on the satellites must be worked out independently.
In addition to the perturbations due to the planets and the oblateness, we assume that what really does matter is the effect that occurs when the pair satellite-planetesimal is in a close encounter geometry. Unless the planetesimal approaches the planet very closely we consider that its effect on the satellites is negligible. This is somehow straightforward considering the masses of the participants.
To take into account the close approach, we have to set a value for the mass of each planetesimal that approaches the planet. According to Trujillo et al. (2001) , the cumulative distribution number (N) of particles with radius r, belonging to the Kuiper belt follows a power law N ∝ r −q (q = 4 ± 0.5). For asteroids of the main belt, the value q ≈ 3.5 (Jewitt & Haghighipour 2007) , may vary significantly. For Jovian irregular satellites, it seems that a single power law cannot perfectly describe the current distribution. The unknown process of evolution of the satellites (dynamics, collision, re-accumulation, etc.) might have perturbed a possible power-law distribution. Therefore, while still using a power-law to define the mass of the planetesimals, we also consider the current observed values of the irregular satellites and that a small number of possible "large" Pluto-sized bodies, m ≈ 6.6 × 10 −9 M (as seen today in the Kuiper belt), might have existed in the primordial disk. Current Pluto's values for diameter (D) and density (ρ) are D ≈ 2300 km and ρ ≈ 2.06 g/cm 3 , respectively. According to many authors, the Kuiper belt is the relic of a primordial planetesimal disk. Most of the bodies of our Solar System have an origin and composition related to this transneptunian disk. The study of the current Kuiper belt can provide much information about the evolutionary history of our solar system. Based on this, for instance Levison et al. (2008) and Morbidelli et al. (2009b) , concluded that there existed in the original circumsolar planetesimal disk about 1 (or 1.5) thousand Pluto-sized bodies. Hence, we should take this feature into account in our disk. At the time when Jupiter and Saturn enter into a 2S:1J resonance (LHB epoch), the number of particles in our disk is about ten thousands. This means that about 10% of our planetesimal disk is populated by Pluto-sized object. We now assume that if N enc were the total number of planet-planetesimal close encounters during a migration process, then 10% of N enc of these encounters occurred with a Pluto-sized planetesimal.
We assume that the planetesimals are spherical (Nogueira 2008 ) ρ = 3m/4πr 3 , such that, r = (σm) 1/3 where σ = 3/4πρ. Hence, from the previous power law (N ∝ r −q ), we can write m ∝ N −3/q /σ, and finally
where C is a proportionality constant and ρ is the density of the body. Since we consider a finite number of masses, the total mass of an ensemble of N max particles can be approximated by
where δ is a random number in the [0, 1] interval and M 1 = 4πρ/3C. Since the total mass is fixed, M 1 (or C) is determined from the last equation, and individual masses can be found from Eq. (2). In the context of the discussion about the objects observed in the Kuiper belt and the size of the current irregular satellites, we decided to adopt q = 1.3. Putting the pieces together, we consider the first close encounter between an original planetesimal and Uranus. Our strategy is to substitute the original approaching planetesimal by 500 new masses, that is, m 1 , m 2 , ... m 500 , and for the first two masses we set m 1 ∼ m Pluto and m 2 = m 1 /2. The remaining mass is divided among the other 498 particles according to Eq. (2). We refer to these above resulting masses as "cloned particles". In the second encounter, the process is repeated, although for the new m 1 it is assigned an intermediary value between m 1 and m 2 values of the previous encounter. Therefore, each original approaching planetesimal is divided into another 500 particles and once the number of Pluto-sized particles reaches 10% of N enc , the inclusion of Plutosized particles (m 1 and m 2 ) is stopped so that each massive planetesimal is fully divided into 500 particles according to Eq. (2). The technique of defining two massive masses during the first encounters is irrelevant because afterwards all these encounters will be distributed in a random way. Therefore, to compute the individual effect of each close encounter on the satellites, we attempt to create a local environment that resembles the original disk in the past. Many other criteria could of course, have been applied to set values for the masses. We adopted this distribution after several successful tests and considering that this is an easy way to take into account the existence of some Pluto-sized planetesimals in the past, as pointed in Levison et al. (2008) and Morbidelli et al. (2009b) . Moreover, with q = 1.3, the current values of the masses of the irregular satellites can also be easily considered in the model. Summarizing, the initial planetesimals considered in the previous section that had close encounters with Uranus, give birth to 500 new clones, whose total combined mass is the same as the parent planetesimal (≈1.05 × 10 −8 M ). To each clone, we assign an individual mass following two basic ideas: the percentage of the Pluto-sized objects of the original disk is preserved when planetesimals are fragmented into new pieces and the masses of these resulting "cloned particles" follow a powerlaw distribution. This procedure is repeated for all the original encounters that occurred during a successful run of Nice model. Each "cloned particle" with its mass, position, and velocity is randomly archived in a unique file. The final step is to re-run the original migration model, where the planets are retrieved from the templates compiled in Sect. 4 and some target satellites are attached to Uranus. To compute the effect of these "cloned particles" on the satellites, the code extracts, sequentially, from the above-mentioned file, one intruder at a time inserting it into the Mercury integrator. These planetesimals are injected periodically at some time interval Δt for each original encounter. However, the value of Δt is not the same for the whole integration, since the number of planet-planetesimal encounters is very small at the beginning of the integration and after that, during the passage through the 2S:1J resonance, this number increases drastically. In general, the number of these encounters usually increases during the close encounters between Uranus and Neptune, while in the absence of planetary encounters, the number is small. In other words, Δt is defined during the first simulation when the templates of migration were compiled. Therefore, short or long Δt is adopted according to the number of close encounters that occur during some fixed time interval. This means that some Δt can be shorter than the period of orbit precession of the attached satellites, although this is just a consequence of what really happened in the original migration and we do of course have to preserve this feature in the second integration.
In Fig. 3 , we show the number of planet-planetesimal encounters during the time evolution of the planets, i.e., the time variation in the semi-major axes of Uranus and Neptune for each model as given in Fig. 1 is also plotted. The scale on the right vertical axis of each panel shows the number of encounters between the planetesimal and Uranus. As stated before, the majority of the encounters occur during the 2S:1J resonance, when Uranus and Neptune have several close approaches. Although not clearly shown, in model M4-2S:1J, after t = 1.5 × 10 7 the number of encounters is very small, as in the remaining cases. To confirm this, we extended, as we show in Fig. B .1, the integration to 100 Myr and observed that the number of encounters after the passage through the 2S:1J resonance is almost negligible.
Uranus' satellites
We investigate the behavior of the regular and fictitious satellites of Uranus under the action of migration. We integrate the five inner satellites (M = Miranda, A = Ariel, U = Umbriel, T = Titania, and O = Oberon), as well as six fictitious satellites sk = (s1, s2, s3, s4, s5, s6) placed beyond Oberon whose semi-major axes are 27.5 R U , 33 R U , 39.6 R U , 47.5 R U , 57 R U , and 68.4 R U , respectively. These values were considered in the context of the empirical relation a i+1 ≈ 1.2a i , where a 0 is the semi-major axis of Oberon, a 1 is the semi-major axis of s1, and so on. The remaining initial conditions (eccentricity and inclination) are given in Table 2 . For the regular satellites, we take the current values, apart from changing Miranda's inclination to zero (see Table 2 ). 
Encounters without planetesimals
To study the dynamics of the regular and si satellites, first of all, we consider only the effect of the planetary encounters. In the Mercury package, the hybrid option integrator was selected with a time of the planets is given in terms of the interpolating polynomials obtained according to the technique described in Sect. 4. The integrations are limited to only 5 or 10 Myr, since after that, additional planetary close encounters if exist, are very rare. Similar investigations of the satellites of Uranus in this scenario were presented by us in some previous works, where Jupiter and Saturn were however fixed at the 2S:1J resonance, so that the variations were much more pronounced and in many cases the escape of the regular satellites were observed.
In Table 2 , all the regular satellites survive retaining their small eccentricities and inclinations. The fictitious satellites s1, s2, s3, and sometimes s4, usually survive with rather low values of eccentricity, while the remaining s5 and s6, in general experience collisions, or are ejected and in this case, the name of the corresponding object that participated in the collision is indicated in the place of the final elements (see details in Table 2 ). We note that these si have highly disturbed orbits because they may collide with distant and interior regular satellites. For instance, s5, which started with semi-major axis 57 R U , collided with Miranda (model M5). In addition, s6 collided with Ariel (model M1).
We also, note that the initial inclinations of the satellites were considered on the local Laplace "plane" (LLP) since in the case of distant si satellites, if they existed in the past they probably originated close to this plane. The local Laplace "plane" is a convenient surface whose orientation varies according to the distance between the planet and the satellite. If a satellite is placed on this "plane", eventual large periodic perturbations owing to the Sun on the satellite, can be cancelled by the oblateness perturbations, so that the orbital plane of the satellite referred to LLP precess uniformly. Roughly speaking, for very short distances, this plane coincides with the equator, while for large distances it coincides with the planet-sun orbital plane (Sinclair 1972) . The relationship between LLP and equator plane is given by the equation
and I L is the inclination of the LLP with respect to the Uranus' equator, ε refers to the obliquity of the planet, n is the mean motion of the satellite whose semi-major axis is a, R p is the equatorial radius of the planet, and n p is the mean motion of the Sun.
With the above relation, we can place any satellite on the LLP. A simple calculation shows that γ is the ratio of the oblateness and solar perturbation. Moreover, for γ = 1 we obtain a c as defined in Eq. (1). Therefore, the Laplacian plane is close or far from the equator depending on γ.
We note that in the absence of planetesimals, all the regular satellites always remain quite immune to the planetary close encounters of migration. We can see that placing si satellites on LLP, the effect of the Lidov-Kozai resonance decreases, although this was not enough to avoid the destabilization of s5 and s6. Some close encounters either between Uranus and Neptune, or between Uranus and Saturn, that excite si seems to have a stronger effect. In Table 2 , the initial inclination of si are indicated by a fraction (I 1 /I 2 ). The first number of the fraction (I 1 ) refers to the initial inclination of si when Uranus starts its migration at a U = 11.5 AU (M1, M2, M4, or M5) and I 2 when Uranus s1, s2, s3, s4, s5, s6 . Ejected satellites are indicated by "e j". Satellites that have experienced catastrophic collisions have in the corresponding column, the name of the impactor. Except for Miranda's inclination, the initial conditions of the regular satellites are given at "http://ssd.jpl.nasa.gov/?sat_elem".
starts at a U = 14.2 AU (M3). These I k values indicate the inclination of the satellite (on LLP) with respect to the Uranus' equator.
Inclusion of the planetesimals
We now include the effect of the planetesimals. We again integrate the si fictitious satellites together the five regular satellites (Miranda, Ariel, Umbriel, Titania, and Oberon). Periodically, we inject the "cloned particles" according to each close encounter involving the "selected" planetesimals as described in Sect. 4. In Sect. 3, we selected five migrational models. Each model is integrated considering four different random insertions of the planetesimals. This time, during migration, the satellites suffer different situations of close approach owing to the presence of the planetesimals. In most cases, we adhere to the original version of the Mercury package, which assumes an inelastic collision, that is, based on the conservation of the linear momentum, the MERGE subroutine adds m i and m j (masses of the target and projectile, respectively) to form a single mass m k . This merging of masses is the simplest way to treat collisions, and usually when m i and m j are of different order, the technique works quite well. However, in some situations, there are other aspects of the problem. For example, in the region populated by the si satellites we consider a collision involving a satellite and a planetesimal with masses m i and m j , respectively. If both are on the same order and a new body is created, its mass will be about twice the value of m i (or more). Under these conditions, our calculations show that, in general, the abrupt "birth" of a massive body (mk), close to or inside the system of si satellites, causes a clear instability: a given si satellite can become strongly disturbed and invade the region of regular satellites. Eventually even mk might do the same. Significant perturbations take place and new collisions can appear, particularly when mk remains (even temporally) as a satellite of the planet. If collisions in cascade occur, a significant part of the whole system can be destabilized.
The problem of impacts has been studied by several authors, mainly in asteroidal and recently in irregular satellite problem (Bottke et al. 2010) . A general treatment of the events during a collision between a target body and a projectile, usually involves three situations: cratering, shattering, and dispersing (Benz & Asphaug 1999) .
To better characterize these impacts, authors define a specific energy Q (kinetic energy of the projectile per unit of the mass of the target). In this way, we define Q * D to be the critical impact energy. This is the energy needed to disrupt the target and send about 50% of its mass away. For Q < Q * D , we have a cratering event, a Q ≈ Q * D catastrophic event, and a Q > Q * D super-catastrophic event where in some cases, both objects are pulverized (Bottke et al. 2010) . The values of Q * D for different materials are determined from sophisticated techniques and laboratory experiments, usually for ice and basalt, when considering limited impact velocities in the range 2.5-7.5 km s −1 (Durda et al. 2004; Benz & Asphaug 1999; Bottke et al. 2010, etc.) . In all these experiments, the results also depend on the impact angles and the size of the targets. According to Bottke et al. (2010) , in some situations when the smashing bodies have A57, page 8 of 16 masses of the same order, in the super-catastrophic cases (when Q > Q * D ), the pulverizing of both objects takes place. Adopting some similar data (Q * D -curve) given in Bottke et al. (2010) , we confirmed the existence of some highly super-catastrophic collisions (Q > Q * D ) when m i ≈ m j in our problem. In addition, in Uranus' case, the regular satellites are very close to the planet, therefore some high impact velocities reaching 13.5 km s −1 can appear. On the other hand, the impact angles reach almost all values in the [0
Finally, the bulk density of the major satellites of Uranus is in the interval [1.2 g/cm 3 , 1.7 g/cm 3 ] and the global ratio ice/rock is close to 1. As we can see, for asteroids or irregular satellites (objects far from the planets), the approximate values of the basic parameters (Q * D , the angle of impact, velocities, material involved, size, etc.) are known. However, in the case of regular satellites (especially for Uranus' satellites) the space of parameters seems to be much larger and somewhat more complex. Moreover, some collisions can generate fragments that can either escape or re-accumulate, usually around some large fragment. In this sense, a re-accumulation may produce a new regular satellite replacing those that were destroyed in the collision. For a rigorous treatment of the dynamics of the close approach involving satellites, it would be necessary to consider all these details, and of course appropriate Q * D values for the involved materials.
Therefore, in our problem, owing to the lack of additional information, we decided to consider only a first order approximation of the problem: whenever m i and m j are of different orders, we adopt the original inelastic version of mass conservation in the Mercury package. On the other hand, when the masses are on the same order, we considered a super-catastrophic event (Bottke et al. 2010) . We then, add the two pulverized masses to the planet such that we maintain the conservation of the momentum.
The study of a possible re-accumulation of the fragments into a single body is probably dissimilar to the classical cases because the pieces to be accreted are submitted to a nonnegligible perturbation of other massive and close satellites. In this way, even in the case of partial pulverization, a possible reaccumulation of the ejected material, originating in a new object, will not be considered in this work.
Then, considering these ideas, and placing si satellites on the LLP, we obtained Tables 3 and B.1. The first table we call "successful runs" and in the last table we have the cases when at least one regular satellite is lost, usually due to a collision, either with another satellite or with a massive planetesimal. We classify these cases as "unsuccessful runs". Table 3 presents the main results. It shows the outcome of the final orbital elements of the regular satellites. In this table, all the regular satellites survived (12 runs). In the remaining eight unsuccessful runs (Table B. 1), a significant number of the regular and si satellites are destabilized. As expected, usually s5 and s6 are the weakest in terms of stability. In general, the eccentricities and inclinations of the regular satellites remained small, although some exceptions are very clear. For instance, Miranda, the smallest satellite, has final values of e ≈ 0.294, I ≈ 14.26
• , (M1, Job4) and e ≈ 0.118, I ≈ 2.38
• (M2, Job2). Comparing Table 3 with the previous tables, the effect of the planetesimals becomes very clear. Without their presence, all the regular satellites remain quite stable, so that the cause of the instabilities in the regular satellites is essentially the action of the planetesimals. Practically, they are able to destabilize the fictitious satellites not only those placed beyond a c , but also satellites with a > a Oberon . The destabilization of si satellites occur mostly because of either collisions between themselves or with the regular satellites. On the other hand, regular satellites can be strongly affected whenever an intruder of mass either greater than or on the order of 3.31 × 10 −11 M (Miranda's mass), approaches sufficiently close to that of Uranus (about ≈10 R U ). This was first pointed out in Beaugé et al. (2002) , although the authors used planetesimals with much higher masses.
As we see, satellite-planetesimal close encounters are very frequent and significantly influence the final architecture of the satellite system. Therefore, not only an inelastic collision but some additional scenarios as described in Benz & Asphaug (1999) , Durda et al. (2004) , and Bottke et al. (2010) would be necessary.
Although not shown, for completeness, we repeated all these simulations (13 successful runs), placing all the satellites (including si) on the equator. The final results are very similar. We conclude that in our 25 successful simulations, thanks to the effect of the planetesimals, the fictitious satellites beyond Oberon are usually destabilized.
The presence of some massive planetesimals (Pluto-sized) in our disk, is a quite reasonable hypothesis considering that they actually exist in the exterior Kuiper disk. Moreover, as pointed out in Nesvorný et al. (2007) there is no reason to believe that the only massive objects to have been accreted into the disk were the four giant planets.
It is well-known that under certain conditions, such as the initial semi-major axis and rotational state of the planet (for a review, see Ferraz-Mello et al. 2008 ) the tidal effect is able to either decrease or increase some orbital elements of the satellites. In this work, for the initial semi-major axis of the regular satellites we adopted the current values. Perhaps, for smaller values, closer to Uranus, they could more successfully resist the encounters with massive planetesimals, and after that, owing to tidal effects their eccentricities and inclinations could be damped to their current values, and the semi-major axes could increase to their present values. Another possible source of damping is the satellite dynamical friction. Collisions would probably, provide additional material to form a local disk around the planet. This disk might be able to cause efficient dynamical friction on the satellites. Some preliminary studies of dynamical friction indeed indicate damping inclination and eccentricity might depend on the local disk around the planet. Therefore, some excited values of the eccentricity and inclination from Table 3 could be damped via the above mechanisms.
We finally consider Fig. B .1 (Appendix B). In a similar way to Fig. 3 , this figure shows the number (N) of Uranusplanetesimal close encounters, but this time for a 100 Myr migrational time. This is usually the time required for a typical migration in order to get the four planets to their current eccentricity, inclination, and semi-major axis. We note, however, that the majority of the close approaches with Uranus occur when Jupiter and Saturn are in 2S :1J resonance. Usually, after 5 or 10 Myr this number is very small and in principle, we believe that it is unlikely that drastic change can occur for the remaining satellites after that. In addition to the cpu-time, this is another reason why we considered only 5 or 10 Myr in the integrations of this section.
Finally, we note that in Nesvorný et al. (2007) the authors considered massless planetesimals and the set of regular satellites were neglected. In our case, all the planetesimals that participate in the close encounters have a specific mass. These massive planetesimals interact with all satellites (regular and si fictitious satellites). In particular, massive planetesimals are responsible for cleaning the si objects placed beyond Oberon. On the other hand, the inclusion of the regular satellites becomes important in the capture of planetesimals as we now show (see Sect. 6). 
The si satellites
In Sect. 2, we discussed both a c and the possible absence of si satellites beyond Oberon. An additional interesting problem is the current obliquity of Uranus. Mosqueira & Estrada (2003) and Estrada & Mosqueira (2006) , in their model of satellite formation, note that regular satellites of Uranus can be formed within a disk of radius ≈57 R U . We note that this value is in quite close agreement with the distances predicted based on our value of a c as we note in Sect. 2.
On the basis of this result, Boué & Laskar (2010) considered a satellite (s BL ) placed at 50 R U to construct a collisioness scenario for the Uranus' obliquity. These authors considered a rather high mass for their satellite but one decisive key for the success in reproducing the tilt of Uranus is the presence of a s BL satellite in the evolutionary dynamics of Uranus' obliquity.
In view of these studies, particularly Mosqueira & Estrada (2003) and Estrada & Mosqueira (2006) , it is therefore quite reasonable to take into account the existence of some si satellites as we did, and to see their evolution during the planetary migration. The second decisive result of Boué & Laskar (2010) is that their satellite must be destabilized after some time, and this is exactly what we have found in this work. In our case, in almost all cases, si with a ≥ 27.5 R U can be destabilized in the presence of the planetesimals, while almost all si with a ≥ 47.5 R U are ejected by planetary close encounters, without planetesimals.
Capture of irregular satellites
When injecting planetesimals that approach Uranus, a natural consequence of this process is the capture of some planetesimals by the planet. In the previous sections, most of the integrations are limited to 5 or 10 Myr. Even so, it is very instructive to examine the planetesimals that become captured during the experiments shown in Sect. 5. Figure 4a ,b shows (ā ×ē) and (ā ×Ī) for (M2, Job 4). It shows the mean elements of the captured planetesimals after 5 Myr.
To develop an ultimate scenario of the planets and their captured satellites, we should integrate the whole system up to 100 Myr. This would be a very time-consuming simulation, mostly because of the short period of the regular satellites and also the number of captured satellites.
In principle, after 5 or 10 Myr, almost no more planetary close encounter should occur. After this time, some additional experiments have also shown that the number of important planet-planetesimals encounters not only decreases rapidly as well as the net effect of them seems to be insignificant (see Fig. B.1) . Therefore, it is reasonable to believe that the capture of planetesimals shown in our simulations, is a mechanism that can generate a collection of objects around Uranus, which can lead to the current irregular satellites of the planet. After several experiments, we concluded that different models M i have different efficiency capture. Usually, the statistics of the captured objects can be increased in different ways: in Sect. 4.1 instead of cloning one original object to 500, we can do it for a larger number. Another strategy is to consider planet-planetesimal encounters with distances greater than 100 R U . Finally, the number of close encounters we detected was obtained by checking the distance planet-planetesimal every 14 years. If this time interval had been decreased, more encounters would certainly have been collected. Figure 4c ,d is similar to Fig. 4a ,b but this time, instead of 100 R U , all planet-planetesimals encounters within 300 R U were collected. For this reason, the number of captures is larger than in the previous case. In general, the agreement of our results with the properties of real satellites is good, in spite of the limited number of captures in the present model.
In all these figures, none of theā is smaller than ≈100 R U . This lower limit is in good agreement with the results for current satellites. Our experiments also indicate that the current regular satellites in the simulations determine this lower limit.
In the process of capture, the size of time step of the integrator (Δh) is important, that is, a short Δh increases the probability of captures. Usually, in the presence of the regular satellites, Δh remains small because the period of the inner satellite is short. Figure 5a ,b and c,d are similar to those shown previously, but this time, all the planet-planetesimals encounters within 200 R U were considered, and the original parent planetesimal was cloned to 1000 new objects. We note that the capture efficiency is significantly higher and the improvement is very clear when compared to real satellites. It is also remarkable that the captured objects coherently maintain a minimum distance of a ≈ 100 R U . These two last figures depict a very straightforward scenario of the capture of irregular satellites.
As pointed in Nesvorný et al. (2007) , the number of the retrograde captures in all figures, is almost similar to those of the prograde captures. This relation contradicts the current distribution seen today. However, a final scenario of the relation between these two populations probably requires more investigation, especially of the collisional evolution (Bottke et al. 2010) . First of all, the number of captured objects should increase. We can improve the statistics of captured objects exploiting the abovementioned strategies. Evolving the whole group of objects for longer times and considering their mutual interactions seems to be necessary to compute future collisions among them. Since in our model all the captured satellites have a mass, a simulation computing the collisions among them could be important to forming the long-term scenario. Before some stabilization of this system, it may be early to define the ratio of prograde-retrograde objects.
Since the semi-major axis is at least 100 R U , the dominant disturber is the Sun. In this case, the Lidov-Kozai resonance usually takes place whenever the inclination (I), referred to the orbital plane of the disturber is ≈39
• ≤ I ≤ ≈141
• (Yokoyama et al. 2003) . If I is inside this interval, the eccentricity usually undergoes large variations that can cause the ejection of the satellite. This is why in the figures of this section there is a clear gap in the vicinity of I = 90
• . However, if the argument of the pericenter ω were captured in a deep libration, the amplitude of the variation of the eccentricity might be not so drastic and the satellite might survive (for at least some time, Fig. 5c,d) .
Simple simulations show that planar satellites (with respect to the equator) beyond Oberon usually cannot survive. More precisely, the combination of distant satellites and high obliquity of the host planet, enhances the perturbation of the Sun, so that a large variation in the eccentricity is unavoidable.
Conclusion
We have made an exploratory analysis of the effect of the planetary migration, basically on the regular satellites. Following Nice model, we have concluded that Oberon is indeed the last regular satellite of Uranus, which resists the close encounters during migration. All other satellites with semi-major axis above 22.8 R U , if they existed, were probably destabilized. The distant satellite (a = 50 R U ) considered by Boué & Laskar (2010) is an example of one that is easily destabilized. As Uranus' ε is high, destabilization is more common for equatorial satellites formed beyond Oberon. Distant satellites placed on the LLP are also destabilized, mostly due to planetary close encounters and also collisions among themselves. We have also concluded that the existence of a large number of planetesimals with masses above ≈10 −9 M in the disk becomes problematic if they penetrate the region of the regular satellites. The excitation that they cause in the orbits of the regular satellites (mainly in the inclination) is significant and sometimes incompatible with the current values. Some efficient mechanism, e.g., tidal effect, or satellite dynamical friction probably would have enabled us to dampen these parameters to the current values.
Owing to the high sensitivity of the dynamical system in migration, we developed an interpolating technique: a database of the orbits of planets on a successful migration is previously recorded and after that only the satellites are integrated under the action of the planets whose orbits can be retrieved from the database. With these techniques, we computed the effect of the close encounters involving planets and planetesimals. These encounters allowed us to study the capture of objects that are candidates to be the current irregular satellites. The technique works quite well and we already have some results for Jupiter's satellites, even considering that this planet does not experience significant numbers of planetary close encounters during migration. The efficiency of the captures clearly depends on the time step of the integrator, while the stability of the regular satellite and also the si satellites, strongly depends on the masses of the involved planetesimals.
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Since captured satellites may acquire an initially large inclination, we examined the dynamics of these objects: owing to Lidov-Kozai resonance they can be easily destabilized because their eccentricities then increase to very large values. We also showed the importance of the effects of the Sun and of the oblateness for just-captured objets (see Appendix A). 
where L = (k 2 M p a) 1/2 . As before, we assume an initial circular and planar orbit with respect to the equator. This means that e = e a ≈ 0 and I a ≈ ε. Therefore, the constant H a is fixed to H a ≈ L cos ε and from the above equation cos I a ≈ cos ε ≈ (1 − e 2 ) 1/2 {cos ε cos I + sin ε sin I cos Ω} . (A.8)
If we consider the case of Uranus where ε ≈ 90
• 0 ≈ (1 − e 2 ) 1/2 sin I cos Ω and since Ω circulates we see that both eccentricity and inclination (with respect to the equator) can undergo large variation. If Uranus' oblateness is neglected, then a simple numerical integration shows that for semi-major axis a U = 12 AU, a planar primordial satellite with a = 10 R U escapes in 110 thousand years. On the other, hand a if current J 2 is assumed, then even a satellite with a = 22.8 R U (Oberon) remains quite stable. The instability for the first case is the classical Lidov-Kozai resonance. Therefore, the combined effect of R J 2 and R is important so that in some situations when the planet is close to the Sun, they cannot be neglected. We can say that the oblateness enhances the stability of the satellite Stuchi et al. 2008 ).
In the case of Jupiter, we have ε ≈ 0, so that I a ≈ I and from Eq. (A.8), we have that cos I a ≈ 1 ≈ (1 − e 2 ) 1/2 cos I. (A.9)
We note that for ε ≈ 0 the above relation is valid for any J 2 . Therefore since I ≈ I a , then for an initial value of I a ≈ 0 the eccentricity and inclination must remain small all the time according to Eq. (A.9). However, for large initial inclination (I a ≈ 90 • ) we have that 0 ≈ (1 − e 2 ) 1/2 cos I, hence eccentricity and inclination can undergo significant variation provided that R is not negligibly small (the satellite cannot be so close to the planet, otherwise R J 2 dominates and both inclination and eccentricity would remain almost unchanged).
In Table 2 of Sect. 5, the s5 and s6 satellites are destabilized in all runs. Owing to its large distance from Uranus, this is a typical case of the instability caused by the Lidov-Kozai resonance. The eccentricity attains high values very rapidly and therefore any additional perturbation (e.g. future close encounter) can destabilize the satellite. However, some numerical experiments indicate that while an isolated object is rapidly destabilized if placed near a c , when we consider a group of more satellites interacting themselves, the individual escape seems to be uncertain, or much more time is needed for it to occur. This may be why some si persists with a relatively small eccentricity and inclination in Table 3 . Very close to a c , there is a balance between the oblateness and solar perturbations such that the Hamiltonian H = R J 2 + R is not a single degree of freedom problem and the secular dynamics might be more complex. Figure B .1 is similar to Fig. 3 , but now extended to 100 Myr. We note that the general behaviour of the elements after 5 or 10 Myr is almost unchanged. Table B .1 refers to the non-successful case, that is, at least one of the current regular satellite is lost during migration. In the table of this Appendix, when a given satellite experiences a collision with another satellite, in the column of the given satellite we indicate this with M, A, U, T, O, and si (the name of the participant of the collision). On the other hand, if the participant is a planetesimal, we indicate it with m/d, where m is the mass (×10 −9 M ) and d is the diameter (in km) of the planetesimal. 
